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Drumlin reliefDrumlin relief is a key parameter for testing predictions of models of drumlin formation. Although this metric is
commonly described in textbooks as being of the order of a few tens ofmetres, our critical reviewof the literature
suggests an average value of about 13 m, butwithmuch uncertainty. Herewe investigate a large sample of drum-
lins (25,848) mapped from a high resolution digital terrain model of Britain, which allowed the identiﬁcation of
extremely shallow drumlins. Results indicate that most drumlins have a relief between 0.5 and 40 m (with a
surprisingly low average value of only 7.1 m) a mode of 3.5–4 m, and with 41% of all drumlins characterized
by a relief b5 m. Drumlin relief is found to never exceed 7% of the width and is positively correlated with this
parameter, possibly indicating that drumlins need a large base to stand against the ﬂow of the ice. Drumlin relief
is also positively correlated with the length, which shows that drumlins do not grow in length by redistributing
sediments from their summits to their downﬂow (lee) end, as previously hypothesised.
© 2012 Elsevier B.V. Open access under CC BY license. 1. Introduction
Drumlins may be loosely deﬁned as oval-shaped hills that are found
in terrains formerly occupied by an ice sheet andwhose shape is aligned
in the direction of ice ﬂow. Despite most drumlins being characterized
by a similar, typical shape, their structure and internal composition is
found to be diverse and includes at least three end members:
bedrock-cored, till, and stratiﬁed sediments (Stokes et al., 2011). This
has led to the formulation of several competing hypotheses on the
formation of drumlins, variously based on erosional, depositional, and
deformational processes (or a combination of the three) caused by
ﬂowing ice and/or by subglacial meltwater (e.g., Fairchild, 1929;
Smalley and Unwin, 1968; Shaw and Freschauf, 1973; Boulton, 1987;
Shaw, 1989; Dardis and Hanvey, 1994; Hindmarsh, 1999; Fowler,
2000; Aber and Ber, 2007). As drumlin formation is still far from being
unequivocally deciphered, these landforms remain amongst the most
enigmatic features in geomorphology. One possible contribution to
this unsolved problem is the analysis of drumlinmorphometry. Insights
about drumlin formation processes might come from a better knowl-
edge of their size and shape properties and what controls the spatial
variation of these metrics within a drumlin ﬁeld. At the very least, a
quantitative characterisation of drumlins may be used to formally test
various formation theories, someofwhich have already beendeveloped
into numerical models (e.g., Hindmarsh, 1999; Fowler, 2000; Pelletier,
2008).+44 1224 272331.
lo).
 license. The simplest view of drumlins is that they are merely bumps in a
landscape, and one of themost fundamental aspects of such a landform
is therefore its relief (height), deﬁned here as the distance from the top
of the landform to its base. Other metrics, (such as drumlin length,
width, elongation, and shape) have recently received renewed atten-
tion with studies based on unprecedentedly large databases (Clark
et al., 2009; Spagnolo et al., 2010, 2011). However, in order to complete
our understanding of drumlin size, a comparably comprehensive analy-
sis on drumlin relief is needed. Although the literature ondrumlin relief,
as discussed in the following section, is considerable, statistically robust
analyses of this metric over large databases are extremely rare (e.g.,
Hättestrand et al., 2004).
A series of open questions about drumlin relief appears to be partic-
ularly relevant to a better understanding of drumlin formation. Drumlin
relief is commonly (e.g., from textbooks, see literature review below)
perceived as of the order of a few tens of metres. Why are not drumlins
any ‘taller’? Given thicknesses of ice exceeding many kilometres, and
probably no shortage of mobilised sediment beneath ice sheets (e.g.,
Nygård et al., 2007), process reasons or bounds must be preventing
drumlins from growing up to many hundreds of metres in relief. Does
something limit their height? Andwhat is theminimum value of drum-
lin relief? Could new technologies and higher resolution data reveal a
lower boundary than previously found? What is the relationship be-
tween drumlin relief and other metrics? Is it possible to conﬁrm that
drumlins become progressively longer through a redistribution of sedi-
ment from their summit to their downﬂow (lee) end (e.g., Piotrowski,
1989)? A ﬁrst step in addressing these and other questions is a robust
quantiﬁcation of drumlin relief, which we present in this paper. Here,
drumlin relief is analysed with GIS techniques from over 25,848
Table 1
Drumlin relief estimates or measurements drawn from the literature. Sample size is included and minimum, maximum and mean (with standard deviation, SD) reliefs are tabu-
lated. The expression “(est)” stands for estimated value, i.e. a value that might have not been rigorously derived from a statistical analysis of measured values. In the last row
the weighted (as per sample size) mean value (13 m) derived from the above values in the cb is reported, based on a sample of 13,427 drumlins spread over 6 countries.
Paper Location No. of drumlins Relief (h in m)
Min Mean Max
Davis (1884) 6 (est) 76 (est)
Hubbard (1906) New York State, USA 75 6 30
Fairchild (1907) New York State, USA 31 67
Armstrong and Tipper (1948) British Columbia, Canada 15–23 (est) 46 (est)
Bird (1953) NW territories, Canada 6 (est)
Sharp (1953) Minnesota, USA 10s 3 8
Kupsch (1955) Saskatchewan, Canada 98 6 46
Colton and Lemke (1955) North Dakota, USA 1 (est) 3 (est) 8 (est)
Wright (1957) Minnesota, USA 5–10 (est)
Aronow (1959) North Dakota, USA 20 15
Gluckert (1973) Pieksämäki and Keitele, Finland 14,500 10 120
Gravenor (1974) Nova Scotia, Canada 150 8 18 (est.) 30
Trenhaile (1975) Galt-Hamilton, Ontario, Canada 500 7.5 38
Guelph, Ontario, Canada
Jauhiainen (1975) Klaipéda, Lituania 99 2.5 4.4 (SD 1.3) 32.5
Doboprole/Przybiernów, Poland 76 8.7 (SD 4.8)
Wierzbięcin/Dzwonowo, Poland 261 7.5 (SD 3.3)
Stargard Szczeciński, Poland 131 8.2 (SD 4.2)
Kórnik/Zaniemýsl, Poland 90 5.5 (SD 2.6)
Šmigiel, Poland 82 8.5 (SD 6.4)
Ober-Ücker/Greiffenberg, Germany 90 10.2 (SD 3.7)
Brüssow, Germany 55 8.3 (SD 3.7)
Lake Lieps, Poland 50 9.7 (SD 4.1)
Rosenow, Germany 52 6.3 (SD 2.5)
Bad Oldesloe, Germany 117 8.3 (SD 4.7)
Mills (1980) various locations, USA 55 blocks 4–26, mode 14–16
25 dr. each
Krüger and Thomsen (1984) Iceland 10s 1 3
Sharpe (1985) NW Territories, Canada 3 10 25
Zakrzewska Borowiecka and Erickson (1985) Wisconsin, USA 3893 3 13 (SD 7) 45
Harry and Trenhaile (1987) Ontario, Canada 315 12 (SD 7.1)
Rabassa (1987) J. Ross Island, Antarctica 2 7 12
Clapperton (1989) Patagonia, Chile 10s 4 20–25 (est) 50
Rouk and Raukas (1989) Estonia 1000 15 63
Boyce and Eyles (1991) Ontario, Canada 998 60
Francek (1991) New York State, USA 3984 13.5 (9.4 SD)
Grosswald et al. (1992) East Siberia, Russia 10 (est) 30 (est)
Wysota (1994) Koziary, Poland 138 1.5 3.4 8
Gorzno, Poland 59 2 4.8 13
Trepki-Samin, Poland 134 1.5 3.8 18
Janowko, Poland 186 1.5 4.8 22
Menzies (1996) Scotland, United Kingdom 160 3 13.3 (7.8 SD) 37
Zelcs and Dreimanis (1997) Latvia 1430 6–12 (est) 35
Rattas and Kalm (2001) Estonia 100 20–40 (est)
Jørgensen and Piotrowski (2003) Denmark 161 5–10 (est) 15
Hättestrand et al. (2004) Sweden 3280 16
Smith et al. (2009) Scotland, UK 175 1.7 9.3 (7 SD) 65
Johnson et al. (2010) Iceland >50 5 10
Weighted mean value 13,427 13.0
180 M. Spagnolo et al. / Geomorphology 153–154 (2012) 179–191landforms mapped from a high resolution digital terrain model (DTM)
of Britain. The aim is to test if drumlins:
(i) are limited to a certain relief range;
(ii) are mostly formed at a certain and preferred relief; and
(iii) show any relationship between relief and other metrics (e.g.,
the length).
2. Literature review
The literature on drumlins is vast and spans over three centuries
(Menzies, 1984). Of more than 400 papers, at least 33 provide a quanti-
tative statement about drumlin relief (Table 1). Investigations cover
most of the formerly glaciated world, with studies in South (e.g.,
Clapperton, 1989) and North America (e.g., Francek, 1991), Fennoscan-
dia and northern Europe (e.g., Hättestrand et al., 2004), and Antarctica
(e.g., Canals et al., 2000).In an attempt to derive a quantitative estimate of drumlin relief from
the literature, all 33 papers in Table 1 have been scrutinised in detail.
Unfortunately, we soon discovered that some of them appear to be
based, at least in part, on generic estimates rather than direct measure-
ments. Assertions such as “[drumlins] vary considerably in height, prob-
ably averaging between 50 and 75 feet, althoughmany are lower and a
few range up to 150 feet high” (Armstrong and Tipper, 1948, p. 289) are
not rare. Some papers do not specify the technique applied to analyse
drumlin relief, and a statistically evaluated average relief value is often
missing (Table 1). We also noticed that only 23 of the 33 mentioned
papers indicated the overall number of drumlins considered in the anal-
ysis. When the sample size is mentioned, it typically appears to be
limited to a fewhundreds of drumlins, although at least three important
exceptions exist (Gluckert, 1973; Francek, 1991; Hättestrand et al.,
2004). Because of all these caveats, it is difﬁcult to judge how represen-
tative a quantitative estimate of drumlin relief from the literature could
be. In general, drumlin relief appears to range from 1 (Krüger and
181M. Spagnolo et al. / Geomorphology 153–154 (2012) 179–191Thomsen, 1984) to 120 m (Gluckert, 1973),whilemean reported values
range from 4 (e.g., Wysota, 1994) to 26 m (Mills, 1980). Whenever a
statistical value of mean drumlin relief was indicated in a paper, the
value was used to evaluate a global weighted mean relief based on all
studied drumlins from all the papers (last row in Table 1). In this way,
we assembled a sample size of 13,427 drumlins, producing a weighted
mean relief of 13 m. This value still needs to be treated with caution
given the variety of investigators and methodologies and map scales
used, and it is worth noting that Rose and Letzer (1975) highlighted
how drumlin relief estimates from topographic maps could be ﬂawed.
However, it is interesting to notice that the weighted mean relief of
13 m is surprisingly low given how drumlins are normally described
in textbooks. Here, drumlin relief is often reported in terms of generic
value (e.g. several tens of metres, in Ahnert, 1998), maximum values
(e.g. up to 60 m, in Embleton and King, 1975), or relief range (e.g.
20–30 m, in Tricart, 1970; or 5–50 m in Summerﬁeld, 1991 or Bennett
and Glasser, 1996), but always giving the overall impression that drum-
lins are landforms of a few tens of metres height.
Only a few papers analyse the actual variability of drumlin relief
(i) in relation to other morphometric variables such as length or
width (Menzies, 1979; Mills, 1980; Shaw and Kvill, 1984; Harry and
Trenhaile, 1987; Mills, 1987), (ii) in respect to inferred drumlin age
(Hättestrand et al., 2004; Smith et al., 2009), and (iii) spatially within
an ice lobe (Francek, 1991). Thosewho attempted a correlation analysis
between drumlin relief and other measures such as length, width, and
elongation, all found that the correlations were generally weak. The
only exception was the correlation between drumlin relief and width,
found to be generally good in the Glasgow area in the UK (Menzies,
1976) and in several localities of the US (Mills, 1980) and in Ontario,
Canada (Harry and Trenhaile, 1987). In his discussion on this, Mills
(1980, p. 639) concluded that “...the drumlin nucleus is streamlined
by the accretion of till, with the bulk of the accretion occurring as a
“tail” in the lee of the nucleus. The length of the tail is determined chief-
ly byhow constant the direction of the iceﬂow remains during and after
drumlin formation. Drumlin width and height are determined by other,
still undetermined, factors.” And later on (Mills, 1987), he suggested
that width, and possibly relief, values may reﬂect a relatively narrow,
yet unspeciﬁed, range of mechanical properties of ice or substrate that
are associated with drumlin formation.
3. Method for measuring drumlin relief
In his book The Quaternary Era, Charlesworth (1957) commented
that drumlin relief is not so commonly recorded because it is not easilyh
h
A
B
Drumlins as blisters
Drumlins as waveforms
Fig. 1. Two conceptual views of drumlins: as blisters superimposed on the landscape (A) or
inter-drumlin bogs or mires. h represents the relief of the drumlins as measured in this papjudged in the ﬁeld or read frommaps. In fact, measuring drumlin relief,
especially on a large population, is a time-consuming process in the
ﬁeld; and although faster when derived from topographic maps, meth-
odological issues mostly related to the vertical resolution of the maps
exist (see Rose and Letzer, 1975). In this paper, we overcome these
issues by applying a GIS-based method for automatically measuring
drumlin relief using two data sources: a high resolution DTM of land
surface elevations and a map of drumlin outlines.
Before detailing our GISmethods for deriving data,weﬁrst reﬂect on
what is actually meant by drumlin relief. Although we have not found
any explicit discussion of the matter, we note that one could view
drumlins as discrete, blister-like features (or half eggs) superimposed
on the landscape or as waveforms that are part of a continuous surface
(i.e. the drumlin ﬁeld) (Fig. 1), like waves in the sea. This latter view is,
in particular, what some modellers tend to favour (e.g., Hindmarsh,
1999; Fowler, 2000). We do not know which of these options is the
most appropriatemodel for drumlins, although it seems that the related
bedforms of ribbed moraine (e.g. Dunlop and Clark, 2006) and mega-
scale glacial lineations (e.g. Clark, 1993; Canals et al., 2000) fairly con-
vincingly appear as waveform phenomena (i.e. continuous undulating
surfaces rather than discrete landforms). We also note that researchers
currently devising process theories into numerical models tend to view
such landforms and drumlins as waveform phenomena and that wave-
length and amplitude are appropriatemeasures. However, examination
of most drumlin ﬁelds (such as in Fig. 2B) tends to reveal prominent
breaks of slope marking drumlin boundaries and with relatively ﬂat
(non wave-like) areas in between. That we can clearly observe deﬁn-
able edges to drumlins suggests that either the blister-on-the-landscape
model is most appropriate or that we are being fooled into this view as
they are actually waveforms with sedimentation ﬁlling the hollows
(Fig. 1). This is a fundamental and as yet unresolved question about
drumlins and which must have great bearing with regard to how they
form. We do not tackle this problem here because our method utilises
just the land surface with no information on surﬁcial sediments or
depths of structures beneath the surface. Hence, we cannot distinguish
between the models and are only measuring h rather than a possible H
(in Fig. 1). Even if we suppose, on theoretical grounds, that the wave-
form model is appropriate, we have no means of measuring this for a
large sample. The issue of postglacial sediment inﬁlls between drumlins
is likely to bemore serious in ﬂat andwet places (such asmuch of Arctic
Canada and Fennoscandia) where bogs or mires tend to occur between
drumlins, rather than in more undulating terrains where drainage is
easier. Fieldwork experience of our target drumlin ﬁelds in Britain,
and which are mostly now occupied by farmed pastures, tends toH
as waveforms (B) with sediment inﬁll in the hollows, possibly from sedimentation in
er; H is the waveform amplitude.
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Fig. 3. Deﬁnition of drumlin relief for (A) ﬂat and (B) hillslope contexts. Note the difference between the altitudinal range and the real relief when drumlins are found on hillslopes.
Our GIS procedure for measuring relief (h) interpolates a drumlin base (see text) and then ﬁnds the maximum elevation difference between this and the elevation of the surface
DTM to derive the vertical offset (a), which is then converted to drumlin relief using h=a∗sin(90−θ), where θ is the slope angle of the apparent drumlin base. The circular inset is a
zoom to show the trigonometric properties that connect h to a.
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of error. Nevertheless, this is a caveat to our measurements, which
treated with caution should be taken asminimum estimates of drumlin
amplitude. An additional caveat is that an originally generated drumlin
surface might have been lowered by subglacial erosion or postglacial
slope processes or might have been raised by the addition of other
sediments blanketing them.
Our work is based on a drumlin mapping project that was carried
out using a horizontal 5-m and vertical b1-m resolution DTM available
for Britain (NEXTMAP Britain, InterMap Technologies © BGS(NERC))
(Clark et al., 2009; Hughes et al., 2010). The mapping covered all recog-
nisable drumlins in the formerly glaciated area of Britain (England,
Scotland, and Wales) (Fig. 2). Each drumlin was directly mapped
on-screen into ArcGIS by using analytical hill-shading visualisations of
the DTM at two orthogonal illumination orientations and one with the
illumination positioned directly overhead, as per Smith and Clark
(2005), and with a vertical exaggeration factor of four (methods fully
described in Hughes et al., 2010). Drumlins were digitised as smooth
outlines (shapeﬁle polygons in ArcGIS) following the most evident
break of slope demarcating the perimeter of the drumlin. A total of
36,032 drumlins were recognised andmapped. With such a large num-
ber, formally or quantitatively check mapping accuracy is difﬁcult, and
some mistakes in the interpretation and exact outlining of some land-
forms likely occurred. However, statistical theory suggests that in
order to obtain a good estimate of a population parameter, the size of
the sample is more important than the accuracy of the measurement,
as long as any error is not systematic. This is certainly the case when
the number of samples rises to the tens of thousands. In other words,
we judge that small mapping mistakes are unlikely to affect the ﬁnal
result because they would be swamped by the large size of the sample,
as long as they are not systematic. Indeed, whenmapping accuracywas
tested duringﬁeld visits to someof themapped areas, it was found to be
sufﬁciently high and in many cases to exceed ﬁeld-based methods
ofmapping (see Clark et al., 2009, for further details).More importantly,
no systematic mistakes were highlighted during these ﬁeld checks.Fig. 2. Coverage and distribution of all 36,032 mapped drumlins shown as black dots (A) an
(Yorkshire Dales, northern England) (B). Here, drumlins are apparent as blister-like features s
that demarcate each drumlin and also that some are positioned on the valley ﬂoor but with
refer to the British National Grid System (datum is D_OSGB_1936) with units in metres.Like triangles in geometry, drumlin relief (height) can be deﬁned as
the distance between the top of the landform and its base, measured
perpendicularly to the base. In the past, drumlin relief has been mea-
sured as the difference in elevation between the point of highest eleva-
tion and that of lowest elevation, i.e. the drumlin altitudinal range
(Fig. 3A) presuming the blister-on-the-landscape model. Usually this
was achieved by counting elevation contours on topographic maps. If
a drumlin is expressed as a bumpon a ﬂat horizontal landscape, its relief
does in fact correspond to its altitudinal range. In Britain though, some
(thousands of) drumlins lie on a hillslope rather than on a horizontal
surface (e.g. in Fig. 2B). In these cases, the altitudinal range of a drumlin
is much greater than the correct relief of the drumlin (Fig. 3).
Themethod thatwe adopt, for convenience, assumes that the drum-
lin base is a planar, but not necessarily horizontal, surface. Drumlin
relief is therefore equivalent to the longest line perpendicular to the
ﬂat base that can be drawn within the body of a drumlin, h in Fig. 3.
The method involves three steps.
(i) Remove drumlins from the landscape. From the original DTM
(Fig. 4A), a new DTM is generated as if the drumlins were phys-
ically sliced off the landscape (Fig. 4B) and replaced by a planar
surface in their place (i.e. drumlin surface replaced by drumlin
base) (Fig. 4C). To do this, each drumlin outline is sampled
every 5 m to extract a series of points around the perimeter of
the drumlin. The elevation above sea level of each point is then
extracted from the original DTMand a new triangulated irregular
network (TIN) is created from these points of known elevation to
re-create a planar surface over the area formerly occupied by the
drumlins. The TIN is then converted into a new DTM, which
represents the conceptual ‘drumlin-less’ surface.
The technique described here has the advantage of relying on
one of the most basic and universal tools in GIS (the TIN con-
struction) that can quickly and easily be applied to a large vol-
ume of data. A more sophisticated technique has been recently
suggested in order to analyse drumlin relief (Smith et al.,d an analytical hill-shading visualisation of the NEXTMap DTM at Horton in Ribblesdale
uperimposed on the landscape. Note how clear it is to see the perimeter break-of-slopes
many on the adjacent hillslopes. Ice ﬂow direction was towards the south. Coordinates
Fig. 4. An example (from the Glasgow area) of the GIS technique applied to evaluate drumlin relief. The simple DTM of the area (colours graded to elevation) with an inset showing
a (transverse) topographic proﬁle across one of the drumlins, from A to B (units are in metres) (A); the same DTMwithout the drumlins (B); the original DTM with a planar surface
interpolated in the drumlin spaces: the ‘drumlin-less DTM’ now showing a planar surface that corresponds to the drumlin base (C); the subtraction between the original DTM and
that of case (C) that yields a ﬂat zero surface (green) above which stand all mapped drumlins with their estimated relief; the topographic proﬁle across the same drumlin now
shows zero values before and after the drumlin along the proﬁle and the correct elevation of the drumlin, 6 m in this case (D). Coordinates refer to the British National Grid System
(datum is D_OSGB_1936) with units in metres.
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the drumlin-less surface whenever irregular elements are
present around the edge of the landform. A typical case is that
of a ﬁeld boundary wall that crosses a drumlin: this might result
in a drumlin-less surface slightly higher than it should be. In this
paper however, by deriving the TIN from a drumlin outline so
closely sampled (every 5 m), this problem is essentially over-
come: the presence of a wall or any other irregularities would
only affect an extremely limited portion of the newly derived
drumlin-less surface. Also, this is unlikely to happen exactly at
the point where the maximum drumlin relief occurs and even
when this happens, the slightly mistaken drumlin relief value
would be averaged out by the large sample size statistics.
(ii) Generate a DTM of just the drumlin upper surface, with no underly-
ing landscape. By subtracting the elevation values of the drumlin-
less DTM from the original land surface DTM, a new DTM is
obtained, called here “Δ_DTM” (Fig. 4D). All background (non-
drumlin) pixel values should now be zero, while all drumlin
pixels have a positive number (roughly representing drumlin
relief, see next point). However, two small problems emerge.
Firstly, some negative pixel values were encountered; this is
owing to the fact that locally a drumlin could contain artiﬁcialor natural excavations from erosion: a road cut, a quarry, the
cut of a river, a landslide, etc. If these ‘cuts’ are below the concep-
tual base of the drumlin, then negative pixels emerge. For such
cases, this method of calculating drumlin relief might be
inappropriate and, to be conservative, we decided to exclude
from the analysis all those drumlins that contained >25% nega-
tive pixels. Secondly, in our mapping database of drumlins
(n=36,032) it was common to ﬁnd either completely superim-
posed or slightly overlapping drumlins for which our technique
might produce spurious results. To discount both these effects
from the analysis, we ﬁltered out the ‘problematic’ drumlins
and this resized the database down to 25,848 drumlins.
(iii) Identify the relief for each drumlin. From the new Δ_DTM derived
above, it is simple to automatically identify the pixel of highest
valuewithin eachdrumlin,which represents the point of the lon-
gest vertical distance between the drumlin surface and its base,
i.e., (a) in Fig. 3. This vertical distance represents drumlin relief
for those drumlins lying on a perfectly horizontal landscape. Oth-
erwise, the exact drumlin relief (h in Fig. 3) could be easily
derived from a by applying simple trigonometric laws: h is
equal to a times the sine of the angle opposite to h. This angle
is equivalent to the difference between 90° and the angle of the
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Fig. 5. British drumlin relief frequency with relief classes interval of 0.5 m. Some 41% of all drumlins are b5 m and 79% are b10 m in relief. The frequency rises quickly to the mode
value and decreases gently towards the maximum values of drumlin relief.
185M. Spagnolo et al. / Geomorphology 153–154 (2012) 179–191drumlin base surface (θ in Fig. 3), which is a parameter that was
easily measured from the original drumlin-less DTM.
This three-step procedure was applied to all drumlins of the ﬁltered
database, and the ﬁnal results were then analysed statistically to derive
the minimum and maximum values of drumlin relief as well as the
mean value with its standard deviation and the mode. The correlation
coefﬁcient between drumlin relief and drumlin length, width, elonga-
tion (computed elsewhere for the same drumlins and described in
Clark et al., 2009), and area was evaluated.
4. Results
4.1. Drumlin relief statistics
The quality controlled database of 25,848 landforms revealed a
drumlin relief mean value of 7.1 m and a standard deviation of 5.3 m.
Interestingly, and to conﬁrm the hypothesis that sample size outweighs
any precision issue, the same analysis was conducted over the unﬁl-
tered database of 36,032 drumlins where the mean drumlin relief isw
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Fig. 6. Correlation coefﬁcients between drumlin relief, width, area, length, and elongation.
Bars are ordered from the highest to the lowest absolute correlation. All are statistically
signiﬁcant because of the large size of the database.6.7 m, just 4 dm lower than that of the ﬁltered database. The frequency
distribution is remarkably smooth, indicative of a sufﬁcient sample size
(Fig. 5), and shows an abrupt rise in the frequency of drumlins between
0 and 3 mheight, followed by a fairly constant decrease from themodal
class (3.5 to 4 m) towards the maximum values. The distribution has a
high positive skewness of 2.6. Although the range of drumlin relief is
relatively large, the most common height (mode) occurs at around
4 m. Some 41% of all drumlins are b5 m and 79% are b10m in relief.
While 0.5 m may be considered as the minimum drumlin relief value
(with 163 drumlins with a relief between 0.5 and 1 m), deﬁning an
exact maximum value of drumlin relief is more difﬁcult. Few drumlins
are higher than 40 m and the decaying frequency of drumlin relief
approaches zero at around 30–40m (Fig. 5). In fact, we suspect that
the few landforms mapped as drumlins that have an even larger relief
(up to a maximum of ~100 m) are likely to represent bedrock hills
smeared by drift, but only an ad hoc and time-consuming investigation
on the internal structure of these hills would be able to conﬁrm our
suspicion. For these reasons, of the various statistics presented here,
we regard the maximum drumlin relief as the least robust.
4.2. Comparison with drumlin altitudinal range
Mean altitudinal range, which is how drumlin relief was classically
measured (i.e. Fig. 3), of the 25,848 British drumlins is 22 m (standard
deviation of 14.7 m), three times asmuch as themean value for drumlin
relief measuredwith the new technique suggested in this paper. Values
of altitudinal range vary between 1.3 and 229.5 m.
4.3. Relationship with other morphometric variables
The ratio between drumlin length and drumlin relief (l/h) is charac-
terized by an average value of 123, i.e. drumlins are 123 times longer
than in height, and 80% of the drumlins have l/h values between 36
and 253. The average ratio of drumlin width and relief (w/h) is 42,
and 80% of the drumlins have w/h values between 16 and 81.
The linear correlation coefﬁcients (Pearson r) between drumlin
relief, length, width, elongation, and area are all relatively low (Fig. 6),
although they are all statistically signiﬁcant because of the large size
of the database. The highest correlation is between drumlin relief and
width (0.46), followed by the area (0.34). The lowest linear correlation
is with the elongation (−0.12). Other types of correlations (i.e.
nonlinear) were also tested, but none showed signiﬁcantly higher
coefﬁcients.
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Fig. 7. Drumlin relief plotted against width (A), length (C) and elongation (E): each point represents one drumlin, n=25,848. Note in the relief vs. width plot (A) the wedge-shaped
cloud of data points has relatively clear lower and upper boundaries. Wider drumlins can be shallow in relief (e.g. 600 m wide and only 5 m in relief), and they also show a much
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187M. Spagnolo et al. / Geomorphology 153–154 (2012) 179–191When plotted together, drumlin width and relief draw awedge-like
cloud of points delimited by relatively sharp boundaries (Fig. 7A). In
other words, for growing values of width, drumlin relief minimum
and maximum spread increases. In particular, while the minimum
boundary grows at a slow pace, being always extremely close to the
minimum possible drumlin relief, the maximum boundary grows
much faster. As a result, wider drumlins exhibit a much wider range
of relief than do narrow drumlins; and in general, relief does not exceed
7% of the width. Overall, when the analysis focuses on the 80% of the
data (10 and 90 width percentile interval) and the average and median
values of relief are calculated per class of width (Fig. 7B), we found a
strong tendency for the relief to growwith thewidth. Although charac-
terized by a lower linear correlation, drumlin relief and length (when
plotted together) also show some interesting general trends (Fig. 7C).
In particular, the maximum possible drumlin relief for a given length
grows proportionallywith the length. In general, for lb1000m, drumlin
relief does not exceed 4% of drumlin length. Also, the average and
median values of relief tend to increase as the length increases
(Fig. 7D), although not as much as they did with the width. Finally,
the plot of drumlin relief and elongation (Fig. 7E) shows that the max-
imum drumlin relief for a given elongation diminishes with the elonga-
tion so thatmore elongated drumlins exhibit a much narrower range of
relief values than do less elongated drumlins. When the average and
median values of relief are plotted against the elongation (Fig. 7F), the
relief tends to diminish with the elongation.
5. Discussion
5.1. Possible caveats
The data represents the ﬁrst widespread analysis of drumlin relief
over a large sample size of tens of thousands of landforms, and the
smooth frequency distribution of Fig. 5 (despite a very narrowbin inter-
val of just 0.5 m) suggests that this size is adequate. However, it is
important to remember the caveats earlier mentioned (e.g., Fig. 1)
regarding what these relief measurements actually represent: essen-
tially the distance between summit and base, this latter deﬁned by the
bounding break-of-slope. If the most appropriate model of three-
dimensional drumlin geometry is that of a continuous surface of wave-
forms and our mapped break-of-slopes are merely a consequence of
inter-drumlin sediment inﬁlls, then our relief measurements would be
some fraction of the true relief (or amplitude). Knowledge of sediment
thicknesses across the areas of investigation is insufﬁcient to be able to
directly address this issue. However, it is possible to look at it in a more
general way by asking what the typical sediment thickness in drumlin
ﬁelds is and how this compares with the drumlin height metrics. The
British Geological Survey (BGS) has compiled a UK Superﬁcial Deposits
Thickness Model that deﬁnes maximum thickness of Quaternary sedi-
ment or ‘drift’ (i.e. till and any post-glacial sedimentation, in our study
area) and is available at a resolution of 50 m. The database is a blunt
instrument for assessing the thickness of inter-drumlin areas in the
present form because (i) it is built from a series of non-uniformly dis-
tributed point sources (boreholes) across the region, (ii) the minimum
value is always set at 1 m (for all areas covered by Quaternary deposits)
thus discarding anything lower, (iii) it contains a minor percentage of
very high values (up to 300 m) that largely inﬂuence any average
analysis and (iv) drumlins (and inter-drumlins) are not discernible as
they have effectively being averaged as a consequence of the sparse
boreholes. However, it represents the only available option and it is a
useful guide for estimating the typical sediment thicknesses across the
glaciated region of the UK. From this database, the drumlinised terrain
(which includes the mapped drumlins and a 1 km buffer around
them) is characterized by an average maximum sediment thickness of
6.9 m, but excluding the seemingly anomalous high values this reduces
to 4 m. However, looking at the frequency distribution, it appears that
most (52%) of the drumlinised terrain is characterized by a maximumsediment thickness of less than 2 m. As all these estimates are a combi-
nation of the drumlins themselves (whose averagemaximum thickness
is 6.7 m) and inter-drumlin areas, it is unlikely that the thickness of sed-
iment in the inter-drumlin areas is sufﬁciently thick to be a signiﬁcant
problem in the estimates of drumlin relief. As highlighted through the
analysis of other metrics (e.g. Clark et al., 2009; Spagnolo et al., 2010),
we presume that British drumlins are not special, such that this sample
is representative of the much wider global population. However, this is
just an assumption as the analysis of drumlin relief at this level of detail
requires a high resolution DTM, which is not yet available or easily ac-
cessible for other regions. In conclusion, the drumlin relief metrics pre-
sented in this paper appear to be a reasonable proxy for the relief of the
drumlins generally.5.2. Drumlin relief statistics
The ﬁrst and most striking result of our analysis is that drumlins are
very shallow landforms indeed. To our great surprise we found that the
most commonly occurring drumlin relief is only 3.5–4 m, and almost
2000 mapped drumlins (7% of the total) have a relief of b2 m. For fea-
tures hundreds of metres in length and width, this is very shallow.
Such was our astonishment at this result that we questioned the meth-
odology and checked the analysis again and then undertook ﬁeld visits
on some low relief individuals. As an example, a drumlin mapped and
identiﬁed by our method as being 2.1 m in relief (and 430 m long and
150 mwide) was visited (Fig. 8). Such is its subtlety and shallow slopes
it is unlikely that this example would have been noticed andmapped as
a drumlin by ﬁeld investigation or a coarser DTM; but the high resolu-
tion DTM used here (Fig. 9A) revealed it to be a drumlin, and the slopes
and shape in the ﬁeld conﬁrm this. In order to double-check we also
acquired an even higher resolution DTM (2-m horizontal resolution
and centimetric vertical resolution) for the speciﬁc area, collected
with LIDAR techniques (Fig. 9B), and this also conﬁrmed the presence
of a drumlin in this position. We conclude that the DTM used here,
when processed with a vertical exaggeration (e.g. ×4), is indeed
capable of being used to identify and map drumlins of as little as 1 or
2 m and that our mapping and relief estimates are acceptable.
Along with the low mode, the mean relief is also surprisingly low,
only 7.1 m. This is certainly much lower than the ﬁgures of some tens
of metres normally reported in textbooks and almost half as much as
the weighted mean drumlin relief (13 m) compiled from the literature
(n=13,427) (Table 1). Similar low relief values were found by
Jauhiainen (1975) as well as Wysota (1994) in various Polish and Ger-
man sites. However, if we compare our result with those of the three
largest databases ever analysed before, all relief mean values are be-
tween two and three times higher than those found in Britain
(Fig. 10). A possible reason for these discrepancies is that drumlins in
different regions are actually different; but given the wide area of
study and range of ice sheet contexts, topographic settings, and rock li-
thologies covered by the British database (Fig. 1), we ﬁnd this unlikely.
The more probable explanation is with regard to the data sources used
formapping. For instance, Zakrzewska Borowiecka and Erickson (1985)
analysed drumlin relief on 1:24,000 maps with a contour interval of
12 m; Francek (1991) used 1:24,000 maps with contours every 3 m;
Wysota (1994) worked on 1:10,000 maps; Hättestrand et al. (2004)
mapped from aerial photos with 4.8-m horizontal resolution, but they
could onlymap drumlins higher than “a fewmetres” and theymeasured
drumlin relief on 10-m contour maps. In summary, none of these stud-
ies had the chance of measuring drumlin relief with a vertical accuracy
as good as the 0.7–1 m of the DTM used here. More importantly, in all
mentioned studies drumlin relief was overestimated because the altitu-
dinal range of the landform was measured instead of the relief as
deﬁned in this paper (Fig. 3). As a comparison, the altitudinal range of
British drumlins produces a mean value of 22 m, three times larger
than the measured British mean drumlin relief.
AB
Fig. 8. Drumlin with a relief of 2.1 m near Kaber, Eden Valley, Cumbria (A) and the same with a dotted line indicating its cross-proﬁle positioned transverse to ice ﬂow direction (B).
The picture is taken from the top of the drumlin looking downstream along its crest. Notice the sheep ﬂock in the middle as scale reference; they also give a sense of how shallow
this barely visible drumlin is (UK OS grid reference NY804117).
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mean altitudinal range in Britain deserves further examination. One
might be tempted to conclude that this is owing to a high percentage
of drumlins lying on steep hillslopes. However, the mean angle of the
36,032 drumlin base surfaces, as measured as part of our technique, is
only 3.2° — and only about 20% of the drumlins lie on a surface steeper
than 5°. The reasonwhy themean altitudinal range ismuch higher than
themean relief is that many of themapped drumlins, although lying on
a gentle hillslope, are relatively long, such that even on gentle slopes
the errors rapidly accrue. For example, a 1-km-long and 10-m-high
drumlin lying on a 5° hillslope would yield an altitudinal range of up
to 80 m.
5.3. Implications for drumlin evolution
Regardless of speciﬁc formation theories, there are at least ﬁve
different ways drumlins can reach their present-day relief:
1. All drumlins within a ﬁeld were initially small and grew to their
present size.
2. All drumlins within a ﬁeld were large but shrank (were eroded) to
their present size.
3. A combination of the above with drumlins ﬂuctuating in size at
various growth and shrinkage phases during an ice ﬂow event or
even being modiﬁed over multiple glaciations4. Individual drumlins within a ﬁeld evolved independently to their
present size by progressive growing (and/or shrinking) so that the
observed drumlins represent a mixed population of individuals,
some that are preserved shortly after they had formed and others
that are highly evolved (i.e. the full range from babies to old people
rather than just the average).
5. Drumlins did not evolve but were “printed” on the landscape, by
some form of template.
The linear correlation between relief and all other parameters (width,
length, elongation, and area) is generally weak (b0.5). If drumlins are
printed landforms, this means that they were not formed as ‘plaster
casts’ by a single process, with their size simply depending on the inten-
sity of the process. In other words, there is no standard drumlin size or
aspect ratio, and drumlins could be ‘printed’ in a wide range of sizes. If,
however, drumlins are growing phenomena, then the low correlations
between relief and the other parameters indicate that drumlins do not
grow isometrically but much more in length and width than in relief.
On the contrary, if drumlins shrank to their present size, then the erosion
worked faster on the top of the drumlin than at its ﬂanks.
Of all correlations, that between relief and width is the strongest
(0.46) (Fig. 6). This largely conﬁrms the ﬁndings of the earlier investiga-
tions (e.g. Mills, 1987) and indicates that we should seek a process-
based explanation for why width and relief scale together much better
than does relief with length or elongation.We also noticed that drumlin
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Fig. 9. Appearance of the 2.1-m-high drumlin near Kaber, Eden Valley (Cumbria), shown
in Fig. 8 on different resolution DTMs: from the 5-m resolution NextMap Britain DTM
(InterMap Technologies © BGS(NERC)) (A) and from the 2-m LIDAR (LIDAR data
Copyright Geomatics Group 2008) DTM for the same area (B). Drumlin is identiﬁed by a
white outline in (A) and an arrow in (B). Note how easily this drumlin appears, especially
on the LIDAR image (B), although it is only a fewmetres in relief. Coordinates refer to the
British National Grid System (GCS_OSGB_1936) with units in metres.
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gets larger (Fig. 7A and B). This indicates that when drumlins are wide
enough, their relief could become large. However, when their width is
small, the relief is now forced to be extremely small. If drumlins are
growing/shrinking phenomena, this relationship between relief and
width could be interpreted in ‘aerodynamic’ terms. In particular, if
drumlins do not have a sufﬁciently wide base, an excessive relief
would result in a too large drag against the ﬂow of the ice without a
proper supportive base. Drumlins would not be able to stand againstthe ice ﬂow and pressure, and they would be torn off or lowered (erod-
ed on the top) to amore acceptable relief or entirely removed. As a tree,
for example, needs large roots to develop a large crownable to resist the
disruptive action of the wind, or electricity pylons require broadly
enough spaced cement bases to sustain their height, drumlins need a
large base to grow in relief against the ﬂow of ice.
Although less pronounced, drumlin relief tends to increase as the
length gets larger (Fig. 7C and D). This is in contrast with the hypothesis
that drumlins represent attenuated landforms that become progres-
sively longer at the expense of their relief (e.g., Piotrowski, 1989),
assuming drumlins are growing phenomena. If sediment is removed
from the drumlin summit to be redeposited at its far (lee) end, a nega-
tive correlation between relief and length should be expected. Our
results indicate the opposite and suggest that if drumlins are a growing
phenomenon they do not need to use the sediment from their own
summits in order to increase their length. Finally, an apparent contra-
dictory result is that drumlin relief appears to diminish as the elonga-
tion increases (Fig. 7E and F). Elongation is the ratio between length
and width, so that higher values of this parameter mean longer and
narrower drumlins. From Fig. 7 we know that longer drumlins tend to
be slightly taller, while narrower drumlins tend to be signiﬁcantly
shallower. Clearly, of the two parameters, it is the effect of the width,
with its stronger correlation with the relief, that can be most seen in
the relief response to increasing values of elongation.
6. Conclusions
This paper reports a systematic survey that applies a newly devel-
oped GIS technique to extract relief data from 25,848 drumlinsmapped
on a high resolution DTM in Britain. Mean drumlin relief (7.1 m) is
found to be around half of that reported in the literature, and to our
great surprise we found that the most commonly occurring relief is
only 3.5 to 4 mandwith some7%having a relief b2 m. For features hun-
dreds of metres in length and width, this is very shallow indeed (aver-
age length/relief aspect ratio of 123) and we thus now know that most
map and ﬁeld-based investigations were unable to detect the (domi-
nant) small drumlins because of scale limitations. For theories wishing
to explain drumlin formation, the target relief is now much lower
than usually reported; and the relief statistics contained herein should
provide a useful test of model predictions. Could theory explain why
most drumlins only reach 3.5–4 m in relief?
Correlations of relief against length, width, and elongation were all
found to be low (b0.5) and with relief-width as the strongest (0.46).
This demonstrates that drumlins are not ‘printed’ on the landscape
with a ﬁxed proportion of the parameters and suggests a complex for-
mation and evolution of these landforms. They do not evolve (by grow-
ing and/or shrinking) into their present-day size in an isometric way:
they either grow much faster in length and width than in relief or
they are much more eroded on the top rather than from the sides. If
drumlins are a growth phenomenon, then these data imply that length
and elongation aremerely a consequence of the history of development
(and perhaps ice velocity), but relief and width are the fundamental
elements of the drumlin-process. Importantly, for model predictions,
the scatter of data points in a relief against width graph displays a
crisp upper boundary indicating strong natural limits for the growth
in relief of a drumlin related to thewidth andwhich require explanation
or simulation. Wide as well as narrow drumlins could be shallow in
relief, but most drumlin relief does not exceed 7% of their width, and
as drumlinwidth increases so does the possiblemaximumrelief. Anoth-
er important trend thatmay be used to testmodels is that drumlin relief
tends to increase as the length increases. This is also relevant because it
indicates that drumlins do not becomeprogressivelymore elongated by
subtracting sediment from their summit.
Finally we note that the common description of drumlins as resem-
bling half-eggs is somewhat misleading, especially with regard to their
relative relief. For the mean length drumlin of 629 m (from Clark et al.,
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190 M. Spagnolo et al. / Geomorphology 153–154 (2012) 179–1912009), if it was actually half-egg shaped, it would have a relief of a stag-
gering 239 m, which is higher than any drumlin ever recorded and
much higher than the usual 3 to 25 m range in relief that we found to
typically correspond to this length.Acknowledgements
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